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abstract: Alternative reproductive tactics (ARTs) are deﬁned as
discrete differences in morphological, physiological, and/or behav-
ioral traits associated with reproduction that occur within the same
sex and population. House mice provide a rare example of ARTs in
females, which can rear their young either solitarily or together with
one or several other females in a communal nest. We assessed the
ﬁtness consequences of communal and solitary breeding in a wild
population to understand how the two tactics can be evolutionarily
stable. Females switched between the two tactics (with more than
50% of all females having two or more litters using both tactics),
pointing toward communal and solitary breeding being two tactics
within a single strategy and not two genetically determined strate-
gies. Communal breeding resulted in reduced pup survival and neg-
atively impacted female reproductive success. Older and likely heavier
females more often reared their litters solitarily, indicating that fe-
males use a condition-dependent strategy. Solitary breeding seems
the more successful tactic, and only younger and likely less compet-
itive females might opt for communal nursing, even at the cost of in-
creased pup mortality. This study emphasizes the importance of an-
alyzing phenotypic plasticity and its role in cooperation in the context
of female ARTs.
Keywords: alternative reproductive tactics, communal nursing, wild
house mice.
Introduction
Reproductive success is a major component of an individ-
ual’s ﬁtness. Understanding what causes its variation and
how an individual may maximize its lifetime reproductive
success is therefore crucial. In many species, especially
those living in groups, reproductive skew can be observed,
with a few individuals largely monopolizing reproduction
(Hager and Jones 2009). High reproductive competition
and variance in reproductive success may lead to the evo-
lution of alternative life-history trajectories within the same
population, with individuals using alternative ways to opti-
mize their reproductive success (Brockmann et al. 1979).
Alternative reproductive tactics (ARTs) are deﬁned as
discrete differences in morphological, physiological, and/
or behavioral traits associated with reproduction that occur
among individuals of the same sex and population (Gross
1996; Taborsky et al. 2008). A speciﬁc tactic expressed by
an individual is the result of its underlying genetically deter-
mined strategy (i.e., the decision rule). A tactic can be ﬁxed
for a given strategy with some individuals using one genet-
ically determined strategy (therefore expressing one tactic)
and other individuals using an alternative strategy and con-
sequently expressing a different tactic (Gross 1996). How-
ever, ARTs can be expressed as a consequence of one single
strategy in the population. Such a single strategy can be
either a mixed strategy, with individuals expressing a tactic
based on a probabilistic decision rule, or a conditional strat-
egy, with the decision linked to an individual’s condition or
status. ARTs within a single strategy can be ﬁxed over an in-
dividual’s lifetime or change between or even within breed-
ing attempts (Gross 1996). Genetically polymorphic alter-
native strategies are expected to be evolutionarily stable only
when they on average result in similar ﬁtness or are negatively
frequency dependent (Shuster and Wade 1991), while ARTs
(within a single strategy) can also be evolutionarily stable even
if they vary in ﬁtness outcome.
ARTs were hypothesized to have a higher prevalence in
males because high intrasexual variation in ﬁtness is more
commonly found in males and females usually cannot
avoid high allocation into reproduction (egg production,
gestation, etc.; Taborsky et al. 2008). In agreement with this
prediction is the large number of ARTs described for males
in many different species (Brockmann 2008; Shuster 2008).
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More recently, however, increasing focus on female competi-
tion revealed evidence for the existence and importance of
ARTs in females (Taborsky et al. 2008; Clutton-Brock 2009;
Stockley and Bro-Jørgensen 2011). Typical ARTs described
for females include conspeciﬁc brood parasitism (Yom-Tov
1980; Yanagisawa 1985; Field 1992; Zink 2003), the exploita-
tion of nests built by female conspeciﬁcs (Brockmann et al.
1979; Field 1994), and joint versus solitary breeding (Scott
and Williams 1993; Schradin et al. 2012; Hill et al. 2015).
House mice (Mus musculus domesticus) provide an exam-
ple for ARTs in females. House mice typically live in social
groups, usually consisting of one dominant male, several re-
producing females, and sometimes also nonreproducing in-
dividuals (Lidicker 1976; König and Lindholm 2012). Breed-
ing females in such groups can either rear their young
solitarily or pool litters in a communal nest, a behavior that
has been observed both under laboratory and natural condi-
tions (Sayler and Salmon 1969; Wilkinson and Baker 1988;
König 1993; Weidt et al. 2014). House mice often associate
with related individuals (König et al. 2015), and communal
nursing preferentially occurs among relatives (Wilkinson
and Baker 1988). However, in a free-living population only
12.6% of breeding females had other breeding females from
their natal group (littermates or nest mates) available as po-
tential partners for communal breeding (Harrison et al. 2018).
Females were more likely to engage in communal breeding
when the general relatedness in their social group was high,
even though pairwise relatedness did not directly predict
with which available partner in their group they formed a
communal litter (Harrison et al. 2018). In laboratory studies,
females also communally nursed with unrelated and unfa-
miliar females (König 1994b; Ferrari and König 2017).
In a communal nest, litters often differ by a few days in
age. Once the second female has given birth and combined
her offspring with the already-present litter, both mothers
will nurse all pups indiscriminately (Ferrari et al. 2015) and
are apparently unable to distinguish between their own and
others’ offspring (Chantrey and Jenkins 1982; König 1989;
Manning et al. 1995). Communal offspring care was shown
to increase female lifetime reproductive success in the labo-
ratory, with communally nursing sisters weaning a higher
number of pups over an experimental life span of 6 months
than solitarily nursing females (König 1994a). There is fur-
ther evidence for increased survival of pups reared commu-
nally in a seminatural population (Manning et al. 1995) as
well as in a natural population through polyandry-driven re-
duction in male infanticide (Auclair et al. 2014). However,
free-living females were observed to rear offspring solitarily
even when the option to join the litter of another female was
available (Weidt et al. 2014), indicating that females might
not always beneﬁt from pooling their litters. Laboratory
studies further revealed costs of communal nursing and a
scope for exploitation. If females varied in litter size, they
beneﬁted unequally, with the mother of the larger litter ex-
ploiting her partner because of indiscriminate milk produc-
tion and nursing (Ferrari et al. 2015). Additionally, several
laboratory studies reported that communally breeding fe-
males killed some pups of their partner when highly preg-
nant, shortly before they gave birth themselves (König
1994a; Palanza et al. 2005; Schmidt et al. 2015; Ferrari et al.
2016).
Understanding the evolution andmaintenance of ARTs re-
quires information about their ﬁtness consequences. Few em-
pirical studies have analyzed the ﬁtness of individuals using
alternative tactics in natural populations for males (Lank et al.
1995; Brown and Brown 1998; McGuire and Getz 2010;
Schradin and Lindholm 2011) and females (Lyon 1993;
Brown and Brown 1998; Ahlund and Andersson 2001; Zink
2003).Most studies quantifying the ﬁtness of female ARTs fo-
cused on birds, with very little data on mammals. We aimed
to (i) quantify the occurrence of two female ARTs in a wild
population of house mice and (ii) calculate the associated ﬁt-
ness consequences. Data from a long-term study allowed us
to follow individual females over their lifetime, document
what tactic they used, and analyze the consequences of a spe-
ciﬁc tactic for the females’ reproductive success. If communal
and solitary nursing are two genetically determined alterna-
tive strategies, we expect females not to be able to switch tac-
tics during their lifetime. Two strategies would further need to
have equal ﬁtness to be evolutionarily stable. Information
about whether the two alternative tactics are plastic or ﬁxed
during a female’s lifetime and how they affect female ﬁtness
could therefore help us to understand whether communal
and solitary breeding are two genetically determined strate-
gies or instead one strategy with two tactics that could either
be condition dependent or based on a probabilistic decision
rule. Taken together, this approach will contribute to our un-
derstanding of the conditions that favor the evolution and
maintenance of female ARTs.
Methods
Study Population
We used data collected as part of a long-term project on wild
house mice, located in a barn close to Illnau, Switzerland. A
free-living house mice population was set up in a barn in
2002 and has been intensively studied ever since (for a de-
tailed description, see König and Lindholm 2012). The barn
is closed against larger predators but allows house mice (or
other small animals) to enter and leave freely. When leaving
the building, house mice risk predation by several mammals
and birds (such as cats, foxes, owls). The population is ex-
posed to parasites and to diseases (Dobay et al. 2015).Wooden
and plastic barriers structure the 72-m2 barn into four major
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sections that nevertheless can be crossed by the house mice
through holes. Food, water, and nest-buildingmaterial (straw
and hay) are provided ad lib. at several places throughout the
barn. Forty artiﬁcial nest boxes (10 per sector) serve as breed-
ing sites for the house mice, and bricks, boards, sticks, and
plastic tubes provide additional shelters. The population
setup is intended to resemble the natural habitat of com-
mensally living house mice in middle Europe, which is
why the house mice in this free-living population are not
restricted in food access. Data used for this study have been
deposited in the Dryad Digital Repository: https://dx.doi
.org/10.5061/dryad.k1s0c7h (Ferrari et al. 2018).
All adult and subadult house mice were regularly captured
(every 6–8 weeks) and their sex, weight, and reproductive sta-
tus (for females, whether they are pregnant or lactating) were
documented. During such population monitoring, adults of
minimally 18 g were injected with a transponder (RFID tag;
Trovan ID-100A implantable microtransponder: weight,
0.1 g; length, 11.5mm; diameter, 2.1mm) for individual iden-
tiﬁcation, and a tissue sample (ear punch) was collected for
genotyping and pedigree analyses. All house mice found
dead in and around the study site were recorded, and tissue
samples were taken for genetic analyses. Capturing all indi-
viduals at regular time intervals allowed us to estimate the
population size. Tagging of adults further allowed regular
documentation of their presence in the barn, either in nest
boxes or in shelters (with the help of handheld readers or
by an automatic antenna reading device attached to each en-
trance to the nest boxes; for details, see König and Lindholm
2012; König et al. 2015). All tagged adults regularly visited
and used several neighboring nest boxes, where theymet with
conspeciﬁcs. Social network analyses based on individual
meetings within nest boxes revealed that house mice lived
in socially closed groups (individuals did not visit nest boxes
used by members of neighboring groups). In 2013 and 2014
we documented 10–12 social groups in the barn (König et al.
2015; Lopes et al. 2016). The readings from the automatic an-
tenna device further enabled us to determine for those adults
that were not found dead the last day they had been recorded
in a nest box. We assumed that they had left the barn after-
ward or had died without us ﬁnding the carcass.
Monitoring Reproduction
The 40 nest boxes and all shelters were checked at least every
13 days for the occurrence of new litters. All litters born and
documented between January 1, 2007, and December 31,
2011, were used for this study (data from earlier years had
to be excluded because of a slightly different data collection
protocol, and data from later years had to be excluded because
parentage analyses had not yet been ﬁnalized at the time of
analysis). Pups found were aged (on the basis of morpholog-
ical traits; see König and Lindholm 2012) and weighed, and
each litter was given a unique code (LitterID). Since 2008
litters found at an age of 10 days or younger were tattooed
in one or several paws (colored toe tattoo; Aramis Micro-
tattoo Systems) to facilitate later identiﬁcation. Litters were
revisited when pups were 13 days old to collect data on the
number of living pups and their body mass and to take a tis-
sue sample (ear punch) for maternity analyses. To minimize
disturbance, we immediately sampled litters that were found
for the ﬁrst time when pups were older than 10 days (ear
samples can be obtained only from pups 11 days or older),
and we took pup bodymass and bodymeasurements. Ideally,
pups would be sampled at the onset of weaning (day 17),
since the body mass at that age would represent maternal
allocation through milk. However, because pups open their
eyes at day 14 and start becoming mobile (Mikesic and
Drickamer 1992), they had to be sampled beforehand not
to risk being unable to ﬁnd and/or identify them.
We further recorded whether a litter was found alone in
the nest box (solitary) or communally with one or several
other litters in the same nest box. A nest was deﬁned as
communal when it contained pups we morphologically
assigned to separate litters since they differed in age by at
least 1–2 days. Nevertheless, genetic analysis (see below)
was used to conﬁrm maternity of all pups. Litters sharing
the same nest box or shelter were always communal, as the
conﬁned space in a nest box did not allow for occupancy
by two or more solitary litters. Some communal nests were
detected only after genetic analyses because pups were too
similar in age to be distinguished otherwise. We refer to
such litters as cryptic communal nests. Not all litters were
found in the same nest box at sampling as when ﬁrst found
because females sometimes moved litters after having been
disturbed (own observations), which is why we did not search
for litters more regularly. We documented whether a litter was
relocated to a different nest box or shelter between the date
it was ﬁrst found and sampling.
House mice start eating solid food when they are 17 days
old and are weaned at an age of 21–23 days. All pups of at
least 17 days were therefore considered subadults and were
no longer considered as part of a communal nest (this
deﬁnition has been used in other studies; see König 2006;
Weidt et al. 2014).
This particular population of house mice produced
litters during almost all months of the year but neverthe-
less varied seasonally in reproductive activity. The major-
ity of litters were produced during the warmer months
(April–September; König and Lindholm 2012), which con-
sequently also resulted in a ﬂuctuating population size. Data
collected during population monitoring events were used to
estimate population size in a given month, and temperature
(7C) in the barn was constantly documented to calculate
monthly means.
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Parentage Analyses and Pairwise Relatedness
Parentage analysis was conducted using markers at 25 poly-
morphic microsatellite loci (markers: Chr1_20, D2Mit145,
D3Mit278, D4Mit227, Chr5_20, D5Mit122, D5Mit352,
D6Mit139, D6Mit390, D7Mit17, D7Mit319, Chr8_3,
D8Mit115, D9Mit-201, Chr10_11, D10Mit230, D11Mit150,
D11Mit90, Chr12_2, D12Mit91, D13Mit-88, D14Mit44,
D16Mit139, D18Mit194, and Chr19_17; Bult et al. 2007;
Teschke et al. 2008). The program CERVUS 3.0 was used
to assign a mother to each pup (Kalinowski et al. 2007). All
females recorded in the barn in the 30 days prior to the birth
of a pup were included as potential mothers. Each pup was
further assigned aGeneticLitterID, which grouped same-aged
pups sharing the samemother and allowed determining litter
size at sampling.
Of the 797 litters from which pups were sampled, pups
from 730 litters were assigned a mother with a certainty of
95% or more. Because of a rather high number of unas-
signed pups in the remaining litters, when using this con-
servative threshold we additionally included 67 litters that
contained one or several pups that were assigned to a mother
only with a conﬁdence of at least 80% (while the remaining
pups of the litter were assigned with a conﬁdence of 95%
or higher). A total of 123 pups could not be assigned to a
mother, resulting in a slight underestimation of the litter size
at sampling. Furthermore, for 451 pups found dead or alive
it was not possible to determine whether they were found
for the ﬁrst time or belonged to a litter we had seen before
because of contradicting tattoos, age estimates, or the num-
ber of pups. We omitted those pups from most of the anal-
yses to avoid including them twice in different categories,
again leading to an underestimation of the number of pups
sampled in the population. Those pups were, however, in-
cluded when we looked at the total number of pups sampled
per female.
Not all litters could be used for all analyses because we did
not have complete information for all of the factors of inter-
est. Detailed sample sizes will be given for each analysis when
we present the respective results.
We used the same 25 markers to calculate the Wang coef-
ﬁcient (Wang 2002) of pairwise relatedness among adult
females in our data set with the software Coancestry (Wang
2011; https://www.zsl.org/science/software/coancestry). It al-
lowed us to calculate the pairwise relatedness of two females
relative to the genetic similarity between all females found in
the reference population. All females alive in a given year
were used as reference population. The analysis was done
for each year separately to avoid calculating pairwise related-
ness values for females whose life spans did not overlap. See
Harrison et al. (2018) for a more detailed description and
an explanation for why we used the Wang estimator for this
particular population.
Statistical Analyses
We used Skew Calculator 2003 (https://www.eeb.ucla.edu
/Faculty/Nonacs/pi.html) to calculate the binomial skew
index (B; Nonacs 2000, 2003) for each communal nest
(for which we knew the identity of all mothers involved)
to test for inequality among females concerning the num-
ber of sampled pups they contributed. Negative B values
indicate that females were more similar in their contribu-
tion to the communal nest than expected by chance (based
on the variance in contributions among all females), re-
vealing an egalitarian situation during indiscriminate nurs-
ing of the combined litters. Positive values indicate a pro-
nounced nonegalitarian (rather despotic) situation, where
one female contributed considerably more pups to the com-
munal nest than the partner(s). Values that do not differ
from zero suggest that the observed distribution in repro-
ductive output within communal nests did not differ from
random expectation.
The remaining statistical analyses were performed with
R version 3.0.2 (R Core Team 2015). We conducted (general-
ized) linear models ([G]LMs) or (generalized) linear mixed
models ([G]LMMs). The latter were used for dependent data
(several litters born to the same female). (G)LMMs were per-
formedwith the package lme4 (Bates et al. 2014). Fulﬁlment
of model assumptions were inspected visually, and if neces-
sary data were transformed or the appropriate link function
was chosen. GLMs and GLMMs with a binomial error dis-
tribution were tested for overdispersion. We further cal-
culated variance inﬂation factors to test for problematic
collinearities. The population size and the monthly mean
temperature in the barn were included as covariates in all
analyses, to control for a potential effect of seasonality on
the factors of interest.
We started with the full model containing all biologically
relevant parameters and used the dredge function in the pack-
age MuMIn (Bartoń 2014) to calculate all possible models
containing those or fewer variables. Models were ranked ac-
cording to their AICc (Akaike information criterion corrected
for small sample size) values, and we used an information-
theoretic approach to account for uncertainty in model se-
lection and parameter estimation. Following Grueber et al.
(2011), we obtained averaged parameter estimates (full aver-
age) by averaging across all models within 4DAICc of the best
model using Akaike weights (w). We used the relative impor-
tance in the averagedmodel and the conﬁdence interval of the
averaged parameter estimates to assess the signiﬁcance of
ﬁxed factors.
Ethical Notes
Data collection as well as all procedures and protocols in-
volved in monitoring the population were approved by the
Female Alternative Reproductive Tactics 109
This content downloaded from 130.060.047.195 on March 15, 2019 01:44:57 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
Veterinary Ofﬁce, Zurich, Switzerland (licences 215/2006
and 51/2010).
Results
ARTs or Strategies?
We analyzed the occurrence of communal and solitary
breeding during a 5-year period. In total, 1,279 litters were
recorded in the barn. From 797 of those litters we sampled
pups (alive) when they were approximately 13 days old
(mean age5 SE, 13:050:07 days), which we used as a
proxy for survival until weaning. Furthermore, we sam-
pled pups found dead from another 47 litters. In total,
358 females contributed to the 844 litters we genetically
analyzed successfully (alive or dead). The 797 litters sam-
pled on day 13 contained 3,303 living pups, with pups be-
longing to 963 genetically distinct litters (with unique
GeneticLitterIDs). Cryptic communal nests (litters that
contained pups from more than one GeneticLitterID) were
relatively frequent, with 20% of all litters ﬁrst described as
solitary (based on morphology of pups) revealed to be cryp-
tic communal nests after genetic analyses, and 27% of all
communal nests contained more litters than we had as-
sumed from differences in morphology among pups.
Females gave birth to between one and nine litters, with
30% of the females having only one litter. Of all the fe-
males that reproduced more than once, 93 (38%) reared
all their litters communally, 19 (8%) had only solitary lit-
ters, and 134 females (54%) used both ARTs. Our data set
allowed us to document the breeding behavior of several
daughters from mothers of known reproductive pheno-
type. Note that sample sizes are rather small because of
the low number of daughters that produced at least two
litters within the study period. We analyzed the behavior
of daughters whose mothers reared only solitary litters
(np 9). Of these, one (11%) also raised all her litters sol-
itarily, like her mother; three (33%) raised all their litters
communally; and the remaining ﬁve (56%) raised litters
both solitarily and communally. Daughters of females that
reared all their young communally (np 45) were ob-
served to do the same as their mother in 53% of cases,
while 9% raised all litters solitarily and 38% had both sol-
itarily and communally raised litters.
During the 5-year study period, we sampled pups (alive)
from 963 genetically distinct litters (different GeneticLitter-
IDs) that originated from 350 different females. A total of
662 (69%) of the 963 litters were sampled in a communal nest
(found in the nest together with at least one other litter at sam-
pling), 297 (31%) were sampled solitarily, and for 4 we did not
have information about their nesting condition at sampling.
The proportion of litters sampled communally increased
slightly over the years (see ﬁg. 1).
Equal Fitness for Communal and Solitary Breeding?
Female Reproductive Success. We calculated reproductive
success for all females born between 2007 and 2011 that
reached adulthood (being tagged) and died or were last seen
in the barn before the end of 2011 (np 500). A total of 159
(31.8%) of the females were found dead; for the other females
we do not know with certainty whether they dispersed, died
inside the barn and were not found, or died outside the barn.
As a result, our measure for female life span is only an ap-
proximation and corresponds to the time a female spent in
the population. Here we deﬁne a female’s reproductive suc-
cess as the number of pups weaned (sampled alive) during
the time she was observed in the population. For 249 (49.8%)
of the 500 females, zero offspring reached sample age (around
day 13); for the remaining 251 females, we sampled between
1 and 39 pups during their life span in the barn (see ﬁg. A1;
ﬁgs. A1–A4 are available online).
In the following, we focus only on reproducing females
(females that weaned at least one offspring), analyzing in
more detail the factors that might potentially affect the var-
iation in reproductive success observed among females. We
also used that data set to test whether females using commu-
nal or solitary breeding differed in ﬁtness. As a measure for
the tactic a female used during her lifetime, we quantiﬁed
what proportion of litters she raised communally and in-
cluded this as an explanatory variable, with the response var-
iable being the square root of a female’s reproductive success
(number of offspring sampled alive during her lifetime). Fur-
ther covariates were the population size and the mean tem-
perature during the month the female was born, her body
mass at tagging (an approximation for her body condition
before the onset of reproduction), her age at ﬁrst reproduc-
tion, and her total life span (the time she was observed in the
barn). Our data set comprised 212 females that produced
between 1 and 39 pups. We had to exclude the remaining
females from the analyses because we did not have infor-
mation on all the factors of interest. Our measure for re-
productive success only included offspring for which we
knew how they were raised (communally or solitarily) and
might therefore be a slight underestimation of a female’s re-
productive success.
Model selection revealed that life span in the barn had
the strongest effect on female reproductive success, with
longer-lived females producing a higher number of off-
spring (table 1; ﬁg. 2A). Furthermore, we found that with
a higher proportion of a female’s litters being raised com-
munally, she had a lower lifetime reproductive success
(table 1; ﬁg. 2B). Communal and solitary breeding conse-
quently did not result in equal ﬁtness.
Likelihood to Have a Subsequent Litter and the Interbirth
Interval. Whether a female raised a litter solitarily or com-
munally had no detectable effect on the mother’s likelihood
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to give birth to another litter (table A1; tables A1–A4 are
available online; np 789 litters), nor did a female’s tactic
affect her interbirth interval (table A2). Females were more
likely to produce another litter the younger they were and
when their current litter was born during times of lower
population density and lower temperature (table A1).
Younger mothers also had shorter interbirth intervals, but
the mean temperature in the barn and the population den-
sity had no detectable inﬂuence on a female’s interbirth in-
terval (table A2). On average, the interbirth interval was
66:752:8 days (mean5SE), ranging from 19 to 309 days
(np 454 pairs of litters).
Survival Differences of Pups Raised Communally and Soli-
tarily. We analyzed pup survival in all litters that were
found at least once before sampling, allowing us to calcu-
late the proportion of pups surviving to sampling com-
pared with the litter size when ﬁrst found. If all pups of
a litter died before sampling (i.e., were never found again),
we were unable to assign them to a mother and therefore
had to exclude them from the analyses. Omitting all litters
with zero survival resulted in an overestimation of survival
rates. We included an analysis of a litter’s resampling prob-
ability as a way of estimating survival probabilities (ﬁg. A2;
table A3). Furthermore, all litters that were ﬁrst found at
sampling and all cryptic communal nests had to be ex-
cluded from the analyses because we were unable to deter-
mine litter size when ﬁrst found and consequently to calcu-
late the proportion of pups surviving until sampling. A
total of 340 litters remained in the data set.
The tactic used by a female inﬂuenced pup survival,
with the highest survival observed for solitarily reared lit-
ters (both solitary when ﬁrst found and at sampling) and
litters that turned solitary (communal when ﬁrst found
and solitary at sampling; such a situation mainly occurred
because the older litter was weaned and had left the nest,
and on occasion it occurred because all pups of one litter
had died; table 2). A smaller proportion of pups survived
from litters that were initially found solitary but commu-
nal at sampling or always communal. Additionally, we
found that smaller and older litters when ﬁrst found had a
higher survival probability (table 2), while movements from
one nest box to another between the two sightings reduced a
Figure 1: Number of solitary litters and litters that were part of a communal nest at sampling per season (spring: March to May [circles];
summer: June to August [triangles]; autumn: September to November [squares]; winter: December to February [plus signs]) for all 5 years of
the study period. The proportion of all litters raised communally for each year is shown in gray (mean5 SE).
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litter’s survival probability (ﬁg. 3A; table 2). Population den-
sity and the mean temperature during the month in which
a litter was born did not affect the proportion of pups sur-
viving (95% conﬁdence intervals [CIs] of their estimates
crossed zero; table 2).
Both solitarily reared litters and litters that turned soli-
tary were characterized by not being joined by another lit-
ter until sampling. We therefore decided in a second step
to analyze whether the number of additional new litters a
focal litter was found with at sampling inﬂuenced pup sur-
vival. With each litter added to the nest until sampling,
pup survival decreased (ﬁg. 3B; table 2). Whether a litter
was solitary or communal when ﬁrst found had no detect-
able effect on a litter’s survival rate. Similarly to the ﬁrst
analysis, population size and mean temperature during
the month a litter was born had no strong effect on pup
survival, while relocation to a different nest box and de-
creasing pup age reduced survival rates.
Recruitment Rate. For all the litters that were sampled, we
analyzed the proportion of pups that were later caught and
tagged as adults in the population (np 589 litters). Since
pups may have dispersed as subadults, this does not per-
fectly reﬂect survival until adulthood but rather what pro-
portion of a litter was recruited into the population. How-
ever, given the likely low survival rate of dispersing house
mice, we are conﬁdent that the measure is a valid estimate
of survival until adulthood. The analysis revealed that the
status at sampling (communal vs. solitary) had no inﬂu-
ence on the proportion of a litter recruited into the popu-
lation (relative low importance of 0.30, compared with the
population density and temperature—relative importance
of 1 each—as estimated by the model-averaging approach).
The number of recruited adults increased with decreasing
mean temperature and increasing population density in
the barn during the month of birth of the litter (table 3).
Furthermore, adults originating from larger litters had a
higher probability to be recruited into the population (ta-
ble 3).
Reproductive Skew among Communally Nursing Females.
We analyzed 77 communal nests that contained between
Table 1: Model summary statistics for the factors inﬂuencing female reproductive success
Intercept
Population
size
Life
span
Mean
temp
Age ﬁrst
reproduction Tactic Mass df AICc DAICc w
Model 1 2.895 2 1.290 2 2.260 2.337 2 5 582.7 .00 .195
Model 2 2.895 2.167 1.249 2 2.230 2.316 2 6 583.3 .56 .147
Model 3 2.895 2.206 1.167 2 2 2.317 2 5 583.9 1.21 .106
Model 4 2.895 2 1.205 2 2 2.344 2 8 584.2 1.52 .091
Model 5 2.895 2 1.290 2.060 2.238 2.336 2 6 584.7 1.93 .074
Model 6 2.895 2 1.291 2 2.261 2.336 2.008 6 584.8 2.11 .068
Model 7 2.895 2 1.222 .137 2 2.341 2 5 585.2 2.52 .055
Model 8 2.895 2.171 1.253 2 2.233 2.315 2.030 7 585.4 2.65 .052
Model 9 2.895 2.163 1.250 2.017 2.225 2.316 2 7 585.4 2.69 .051
Model 10 2.895 2.180 1.182 2.084 2 2.319 2 6 585.7 2.95 .045
Model 11 2.895 2.206 1.167 2 2 2.317 2.003 6 586.1 3.33 .037
Model 12 2.895 2 1.202 2 2 2.344 2.027 5 586.3 3.57 .033
Model 13 2.895 2 1.293 .062 2.240 2.336 2.016 7 586.8 4.06 .026
Model 14 2.895 2.209 1.257 2 2.232 2 2 5 587.1 4.33 .022
. . .
Model 64 2.895 2 2 2.028 .182 2 .168 5 663.1 80.33 .000
Averaged parameters:
Estimatea 2.90 2.08 1.24 2.02 2.15 2.33 2.0
Unconditional SE .06 .13 .14 .08 .16 .13 .06
Lower 95% CL 2.77 2.34 .96 2.17 2.47 2.58 2.12
Upper 95% CL 3.02 .17 1.53 .13 .17 2.07 .12
Relative importance 2 .46 1 .24 .62 1 .20
Note: The square root of the number of pups sampled over a female’s lifetime (reproductive success) was used as the response variable in a linear model. Models
within 4 AICc (Akaike information criterion corrected for small sample size) units of the best model are highlighted in bold and were used to calculate averaged effect
sizes. Statistically signiﬁcant conﬁdence intervals (not crossing zero) are emphasized in italic. Factors included are deﬁned as follows: population size p number of
adults present in the barn during the month a female was born; life spanp time between birth of a female and her death or until she was last seen in the barn; mean
temp p mean temperature in the barn during the month a female was born; age ﬁrst reproduction p a female’s age when she ﬁrst gave birth to pups that were
genetically analyzed; tacticp the proportion of own litters a female raised communally; mass p a female’s body mass at tagging as an indicator for her condition
before ﬁrst reproduction. Minus signs indicate that the model does not contain the factor. CL p conﬁdence limit; w p relative model weights.
a Standardized on 2 standard deviations, following Gelman (2008).
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two and four litters, with on average 2:250:05 (mean5
SE) females contributing to it. The binomial skew index
(B) averaged over all litters in communal nests did not dif-
fer from zero (Bp 0:0004, Pp :48), indicating that the
observed variation in female contribution did not differ
from random expectation. We nevertheless tested whether
the average pairwise relatedness among females sharing a
communal nest inﬂuenced the amount of skew we ob-
served. If three or more females contributed to a commu-
nal nest, we took the average of all pairwise relatedness
values. We further included the maximal age difference be-
tween the pups (age of oldest litter minus age of youngest
litter) because a higher reproductive skew might be ex-
pected if pups differ in age, as killing younger pups before
joining a communal nest might be easier. Additionally, we
included the age difference between the females (age of
oldest female minus age of youngest female) to test whether
a larger age difference between females—and therefore likely
also a larger weight difference—might indicate that one of
the females was dominant over the other. None of the var-
iables, however, inﬂuenced the B index (table 4). The age
difference between the litters had the highest importance
of all the variables (0.48) but still did not detectably inﬂu-
ence skew (95% CI crossed zero). Females rearing their litters
communally had on average a relatedness of 0.28 (mean
Wang estimate of pairwise relatedness; 95% CI: 0.22–0.34).
In this study population, a Wang estimate of 0.28 equals a
pedigree relatedness value of 0.25, as among half-siblings
(see Harrison et al. 2018).
Conditional ARTs?
We analyzed whether female age at the time she gave birth
to a litter, the mean temperature in the barn, or the pop-
ulation density during the month the litter was born inﬂu-
enced the probability that a litter was raised solitarily or
communally. Some litters had to be excluded (96 litters)
because pups from a single litter were sampled from sev-
eral nest boxes, indicating that pups from a nest were
moved but not all together, which could result in some ge-
netic littermates being raised communally while others
were raised solitarily in another nest box. We furthermore
Figure 2: Female reproductive success (number of offspring sampled on day 13) in relation to her life span (i.e., the time she was observed in
the population; A) and the proportion of litters a female reared communally (B). Plotted are model estimates (mean5 SE) obtained from
model averaging of linear models. Gray dots represent raw data (np 212 females).
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could not be sure that the female still cared for both parts
of the litter and therefore decided to omit those cases. Ad-
ditionally, some litters were removed from the analyses
because of incomplete information for the factors of inter-
est, leaving us with 852 litters.
Model selection revealed that female age was the stron-
gest predictor of the ART used by a female. With increas-
ing age a female’s likelihood to raise pups communally de-
creased (ﬁg. 4; table 5). Age correlated positively with the
number of litters a female had (Pearson’s correlation coef-
ﬁcientp 0.60, P ! :001, np 852); we therefore could not
include female experience (number of litters) in the model
as well. To disentangle whether female experience or fe-
male age caused the effect that older females reared fewer
litters communally, we repeated the analysis only includ-
ing a female’s ﬁrst litter. All females that were born and
Figure 3: A, Proportion of pups surviving until sampling (day 13) when reared solitarily or communally (the same condition both when ﬁrst
found and at sampling) or in litters that were solitary when ﬁrst found but communal afterward when sampled or communal when ﬁrst
found but solitary afterward when sampled. Dark and light gray highlight the different survival probabilities for litters that were found
and sampled in the same nest box and for litters that had been moved at least once between sightings. B, Proportion of pups surviving until
sampling in relation to the number of additional litters in the same nest box (added after a litter was ﬁrst found). Plotted are model estimates
(mean5SE) obtained from model averaging of binomial generalized linear mixed models. Raw data are illustrated with circles, and the size
corresponds to the sample size (np 340 litters).
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may have reproduced before 2007 were excluded from the
analysis, leaving us with 237 females in the data set. Even
though females had a similar level of reproductive experi-
ence because they were raising their ﬁrst litter, female age
still tended to affect a litter’s likelihood of being raised com-
munally or solitarily (averaged model estimate [slope] for
female age: 20.60; 95% CI: 21.20 to 20.05). Age and not
how many litters a female had already raised before thus
seemed decisive for this effect, although we cannot entirely
exclude an inﬂuence of experience. Females that reared their
ﬁrst litter solitarily were on average 224:2514:7 (mean5
SE) days old, while communally nursing females were on
average 197:557:2 days old.
Discussion
High allocation into reproduction, as during gestation and
lactation in mammals, has been considered to create a low
potential for the evolution of female ARTs. Our 5-year
study of free-living house mice allowed analyzing the ﬁt-
ness consequences for females rearing litters either soli-
tarily or communally and thus gaining comprehensive
knowledge about the factors maintaining a rare female
ART in a social rodent. More than half (54.5%) of the
multiply reproducing females were observed to switch be-
tween solitary and communal nursing during their life-
time. The two tactics did not result in equal ﬁtness (when
all else was held equal). The more litters a female raised
solitarily, the higher her reproductive success was (mea-
sured as the number of offspring raised until 13 days of
age during her life span in the barn). Pup survival was
lower in communal nests, while the mother’s reproductive
tactic neither affected her likelihood to reproduce again
nor her interbirth interval. Our data suggest that commu-
nal and solitary nursing are two conditionally expressed
alternative tactics of a single strategy. Older females (likely
of larger body mass; see ﬁg. A3) raised a higher proportion
of solitary litters and gained the highest reproductive suc-
cess. The younger females, on the other hand, were more
likely to communally rear litters even at the cost of re-
duced offspring survival. With increasing age and weight,
they may improve their ability to nurse litters solitarily,
given they survive.
ARTs within a Single Strategy?
Half of the females reared litters both solitarily and com-
munally during their lifetime, indicating that communal
Table 3: Model summary statistics for the recruitment analysis
Intercept
Status at
sampling
Population
size
Age at
sampling
ls at
sampling
Mean
temp df AICc DAICc w
Model 1 2.9175 2 .5660 2.2787 .3066 2.4248 7 1,457.5 0 .315
Model 2 2.9155 2 .5239 2 .3262 2.4338 6 1,458.2 .73 .219
Model 3 2.9461 1 .5581 2.2689 .2794 2.4253 8 1,459.1 1.62 .140
Model 4 2.9505 1 .5158 2 .2928 2.4339 7 1,459.6 2.13 .108
Model 5 2.8402 2 .5554 2.3118 2 2.4036 6 1,461.4 3.98 .043
Model 6 2.9115 1 .5412 2.2869 2 2.4086 7 1,461.5 4.07 .041
Model 7 .9143 1 .4951 2 2 2.4174 6 1,462.5 5.04 .025
Model 8 2.9075 1 2 2 .3181 2.3691 5 1,462.8 5.33 .022
Model 9 2.8325 1 .5075 2 2 2.4174 5 1,463.0 5.54 .020
. . .
Model 32 2.9181 1 2 2 2 2 3 11,473.5 16.06 .000
Averaged parameters:
Estimatea 2.92 .03 .55 2.17 .29 2.43
Unconditional SE .17 .09 .20 .19 .14 .12
Lower 95% CL 21.26 2.14 .15 2.54 .01 2.67
Upper 95% CL 2.58 .20 .94 .20 .57 2.18
Relative importance .30 1 .60 .95 1
Note: The proportion of sampled pups recruited into the population as tagged adults was used as the response variable in a binomial generalized linear mixed
model with a logit link function. Models within 4 AICc (Akaike information criterion corrected for small sample size) units of the best model are highlighted in
bold and were used to calculate averaged effect sizes. The intercept represents a litter that was found in a communal nest at sampling. Female identity and the
year in which a litter was born were used as random effects. Statistically signiﬁcant conﬁdence intervals (not crossing zero) are emphasized in italic. Factors
included are deﬁned as follows: female tactic p rearing condition at sampling (solitary or communal); population size p the number of adults in the pop-
ulation during the month a litter was born; age at sampling p a litter’s age at sampling (days); ls at sampling p a litter’s size at sampling; mean tempp the
mean temperature in the barn during the month a litter was born. Plus signs indicate that the factor is contained in the model, and minus signs indicate that the
model does not contain the factor. CL p conﬁdence limit; w p relative model weights.
a Standardized on 2 standard deviations, following Gelman (2008).
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and solitary breeding are two tactics within a single strat-
egy. Population density and the season (analyzed as the
average temperature during the month a litter was raised)
did not affect a litter’s likelihood to be raised communally
or solitarily. In general, more litters were raised commu-
nally (69% of all litters; see table 5) than solitarily and
the proportion increased over time. A purely solitary strat-
egy was rare, as it was followed by only 8% of all females
that had more than one litter, and only 11% of those
females’ daughters also followed a purely solitary strategy.
Given our observations, it seems most likely that solitary
and communal breeding represent two ARTs within a sin-
gle strategy. Females on average produced 2.9 litters and
were increasingly likely to have used both reproductive
alternatives with an increasing number of litters raised
(see ﬁg. A4), which further supports the more parsimoni-
ous explanation of two ARTs within a single strategy.
Nevertheless, we cannot exclude the existence of two ge-
netically different strategies in the population, one being
to always rear offspring solitarily and the other to perform
both solitary and communal breeding. A third strategy of
females exclusively rearing litters communally seems highly
unlikely. Females often do not have the option to commu-
nally breed, especially at low population densities or dur-
ing colonization events. Previous research on the same pop-
ulation reported that during an earlier period of relatively
low population density (maximum density: 0.9 adults/m2),
females did not have the option for communal breeding
for 42% of the litters born (Weidt et al. 2014). A later anal-
ysis of social partner choice during the years 2008 and 2009
(and thus overlapping with the study presented here) re-
vealed that 11% of the litters were born with no other lit-
ter available in their mother’s social group for communal
breeding despite much higher population density (maximum
density: 2.6 adults/m2; Harrison et al. 2018).
Assuming two plastic ARTs within a single strategy, sol-
itary litters could arise for a number of different reasons.
First, a female might have been the only female breeding
in her social group without an option to nurse commu-
nally, as discussed above. Second, females might not have
found a social partner to their liking, therefore deciding
against communal nursing, or similarly the female might
not have been accepted as a cooperation partner by the
other females. Previous research on the same population
and at different population densities revealed that females
were choosy and did not always communally nurse in the
presence of another lactating group member. Instead, the
more partners a female had to choose from, the more
likely she was to form a communal nest, indicating that
females were selective in their choice (Weidt et al. 2014;
Harrison et al. 2018). This could also explain why we ob-
served an increase in the proportion of litters raised com-
Table 4: Model summary statistics showing the effect of pairwise relatedness, the age difference between females, and the age
differences between litters on reproductive skew among mothers contributing to a communal nest
Intercept
Age difference
(females)
Age difference
(litters)
Average
pairwise
relatedness df AICc DAICc w
Model 1 .001 2 2 2 2 2144.4 .00 .228
Model 2 .001 2 .030 2 3 2144.3 .13 .214
Model 3 .015 .0001 2 2 3 2143.9 .49 .179
Model 4 .013 .0001 .026 2 4 2143.2 1.24 .123
Model 5 .001 2 2 .002 3 2142.3 2.16 .078
Model 6 .001 2 .032 .008 4 2142.2 2.20 .076
Model 7 .015 .0001 2 .003 4 2141.7 2.69 .060
Model 8 .013 .0001 .027 .009 5 2141.1 3.36 .043
Averaged parameters:
Estimatea .006 2.00003 .013 .013
Unconditional SE .014 .0001 .02 .011
Lower 95% CL 2.022 2.0001 2.03 2.02
Upper 95% CL .035 .0001 .05 .024
Relative importance 2 .40 .46 .26
Note: The binomial skew index was used as the response variable in a linear model. Models within 4 AICc (Akaike information criterion corrected for small
sample size) units of the best model are highlighted in bold and were used to calculate averaged effect sizes. Statistically signiﬁcant conﬁdence intervals (not
crossing zero) are emphasized in italic. Factors included are deﬁned as follows: age difference (females)p absolute age difference (days) between the oldest and
the youngest female contributing to the communal nest; age difference (litters) p age of oldest litter minus age of youngest litter (days); average pairwise re-
latedness p average pairwise relatedness between the females contributing to the communal nest (Wang [2002] coefﬁcient). Minus signs indicate that the
model does not contain the factor. CL p conﬁdence limit; w p relative model weights.
a Standardized on 2 standard deviations, following Gelman (2008).
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munally over the years, likely as a result of an increasing
number of litters born (see ﬁg. 1) and therefore also poten-
tial female partners to choose from.
It is still poorly understood how a communal nest is
formed, especially in wild populations. In the laboratory,
communal nests of two females occur when a highly preg-
nant female shares the nest with a partner already nursing
a litter and adds her pups to those present in the nest. In
the free-living population, several females share several nest
boxes (Weidt et al. 2014; König et al. 2015), and we assume
that it is the female giving birth second that decides to join a
litter for communal nursing. The already-lactating female,
on the other hand, may have been joined against her inter-
est. Such a situation may exist if younger females, of relatively
low body mass, are not yet competitive in monopolizing a
nest box and thus in avoiding exploitation by a nonpreferred
partner, as for example a female with a larger litter size.
Once litters are pooled, females are unable to discriminate
between their own and others’ offspring and are forced to
raise all litters in the communal nest or to abandon the nest
(Chantrey and Jenkins 1982; König 1989; Manning et al.
1995; Ferrari et al. 2015).
Communal nursing has been described to happen prefer-
entially among related females (Wilkinson and Baker 1988),
which would reduce the costs of potentially being exploited.
It was shown both theoretically and empirically (in zebra
ﬁnches) that individuals are more likely to tolerate exploita-
tion by relatives, owing to indirect ﬁtness beneﬁts that com-
pensate for at least some of the costs (Mathot and Giraldeau
2010). In accordance with this, we found the pairwise relat-
edness (Wang estimator) between communally nursing fe-
males was on average 0.28.
If femaleswere tolerant toward exploitation by relatives, we
expected a high skew in litter sizes in communal nests (pos-
itive B index), suggesting that one exploits the partner(s) in
terms of their drastically increased allocation to nursing
nonoffspring. Females did differ in litter size andmight there-
fore beneﬁt unequally, but the variance in litter sizes observed
within communal nests corresponded to that among all lit-
ters. Females therefore did not use infanticide to adjust a part-
ner’s litter size to their own litter size or to create a high skew.
A critical aspect here may be that we rarely know the
size of a litter at birth, since we often ﬁnd them when they
are already several days old and therefore cannot analyze
Figure 4: With increasing age, females reared fewer of their litters communally. Plotted are model estimates (mean5 SE) obtained from
model averaging of binomial generalized linear mixed models. Raw data are illustrated with circles, and the size corresponds to the sample
size (np 862 litters). Communal litters are represented as 1, and solitary litters are represented as 0.
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whether females giving birth second in a nest use infanticide
to modify the skew already given by natural variance in litter
sizes. Nevertheless, a laboratory study of wild derived house
mice with accurate information on litter size at birth re-
vealed no evidence that females use infanticide to equalize
litter sizes; females reduced the litter size of the partner that
had already given birth but did so irrespective of their own
number of pups (Ferrari et al. 2016).
Fitness Consequences of Communal Nursing
We observed a large skew in reproductive success (number
of offspring weaned within life span in the barn) among the
females in the study population. Approximately half of the
adult females did not produce pups that survived until sam-
pling. Such a ﬁnding indicates high reproductive competi-
tion among females (Clutton-Brock 2009), one of the condi-
tions favoring the evolution of ARTs (Taborsky et al. 2008).
Our measure for reproductive success (during the time a
female lived in the barn) was limited in two ways. First, we
could not quantify the actual number of pups a female
weaned (onset of weaning is at an age of 17 days) but instead
used the number of pups sampled per female at 13 days of
age. Manning et al. (1995) never observed infanticide of pups
older than 14 days in a seminatural population. Even though
we slightly overestimated pup survival to weaning, our mea-
sure nevertheless covered the period of highest risk of pup in-
fanticide. Furthermore, we do not expect factors inﬂuencing
pup survival from day 1 to day 13 to differ from those im-
pacting pups older than 13 days.While we could not measure
the actual number of offspring weaned, we instead addition-
ally analyzed howmany sampled pupswere recruited into the
population (caught and tagged as adults). Pups that disap-
peared between sampling and adulthood could either have
died or dispersed from the population. We observed that a
mother’s reproductive tactic did not affect her offsprings’
probability of being recruited as adults into the population.
Given the survival disadvantage of communally reared pups
until sampling, solitary nursing seems also to be the more
beneﬁcial option when using the number of recruited off-
spring into the population as a proxy for ﬁtness.
The second aspect limiting our estimate of reproductive
success was female life span. A large fraction of females in
the data set (68%) were not found dead in the barn. Instead,
we only knewwhen they were last recorded alive in the pop-
ulation. Females that disappeared may have died and not
been found in the barn, which we do not consider to happen
frequently since we carefully check the barn during each
population monitoring with handheld readers for hidden
tagged corpses. Alternatively, they may have died outside
the barn (eaten by predators) or dispersed and left the pop-
ulation with an unknown fate. We cannot exclude that
some of the females survived and bred in another location,
although dispersal likely is associated with high mortality
and in many cases low reproductive success. We are there-
fore rather conﬁdent that our measure of life span and the
number of offspring a female weaned represent a meaning-
ful estimate of female reproductive success.
Table 5: Model summary statistics for the factors inﬂuencing whether a litter was sampled communally or solitarily
Intercept Female age Population size Mean temp df AICc DAICc w
Model 1 .758 2.380 2 2 4 1,069.1 .00 .385
Model 2 .759 2.392 2 2.174 5 1,070.0 .81 .257
Model 3 .760 2.385 2.164 2 5 1,071.0 1.81 .156
Model 4 .760 2.394 2.096 2.170 6 1,071.9 2.80 .096
Model 5 .764 2 2 2 3 1,073.3 4.13 .049
Model 6 .764 2 2 2.146 4 1,074.4 5.29 .027
Model 7 .764 2 2.118 4 1,075.2 6.04 .019
Model 8 .765 2 2.058 2.142 5 1,076.4 7.29 .010
Averaged parameters:
Estimatea .76 2.39 2.04 2.07
Unconditional SE .18 .15 .20 .13
Lower 95% CL .40 2.70 2.43 2.32
Upper 95% CL 1.12 2.10 .35 .19
Relative importance 1 .28 .39
Note: Whether a litter was sampled communally or solitarily was used as the response variable in a binomial GLMM with a logit link function. Models within
4 AICc (Akaike information criterion corrected for small sample size) units of the best model are highlighted in bold and were used to calculate averaged effect
sizes. The identity of the dam of a litter (FemaleID) and the year of birth were included as random effects in all models. Statistically signiﬁcant conﬁdence
intervals (not crossing zero) are emphasized in italic. Factors included are deﬁned as follows. Female agep age of female when giving birth to the litter (days);
population sizep number of adults present in the barn during the month the litter was born; mean temperaturep mean temperature in the barn during the
month the litter was born. Minus signs indicate that the model does not contain the factor. CL p conﬁdence limit; w p relative model weights.
a Standardized on 2 standard deviations, following Gelman (2008).
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The strongest predictor of female reproductive success
was life span. The longer a female remained in the popula-
tion, the higher the number of litters she raised and conse-
quently the higher the number of pups reaching sampling
age. While this might seem unusual for species with a short
life expectancy and high reproductive output, we have to
keep in mind that the analyses presented here were limited
to females that managed to wean at least one offspring. Fu-
ture studies will have to reveal the impact of life span when
considering all females, the ones that managed to repro-
duce, and also the ones that did not.
More intriguingly, we found that with an increasing pro-
portion of a female’s litters being raised communally, her
reproductive success decreased, independent of both popu-
lation size and temperature during the month she was born.
One possible reason for such an effect could be different
survival rates for pups raised communally and solitarily.
We indeed found that the reproductive tactic used by a fe-
male correlated with pup survival. Pups raised in commu-
nal litters had a higher mortality; more speciﬁcally, each ad-
ditional litter found together with the focal litter reduced its
survival (irrespective of whether the litter was initially ﬁrst
found solitary or communal). This effect might be best
explained by female infanticide, which has been described
repeatedly for communally breeding female house mice
(König 1994a; Palanza et al. 2005; Schmidt et al. 2015;
Ferrari et al. 2016). Females joining a nest with an already-
existing litter often kill one or several of the pups present be-
fore they give birth themselves. Alternatively, pups in large
communal litters might suffer from increased pup competi-
tion, which could further reduce their survival.
Decreased offspring survival in communal nests con-
tradicts both results from experiments in the laboratory (König
1994a), which found a higher reproductive success (mea-
sured over a life span of 6 months) for communally nursing
females, and data from a seminatural (Manning et al. 1995)
and a free-living (Auclair et al. 2014) population, which
showed a higher survival for pups reared in communal nests.
Both nonlaboratory studies differed from our study because
they analyzed pup survival in communal nests after all fe-
males had pooled their litters. They thus likely missed in-
fanticide occurring during or immediately before a new litter
was added to a communal nest, which is consistent with the
ﬁnding that litter sizes in communal nests were smaller than
those in solitary nests in the Auclair et al. (2014) study. The
survival beneﬁt found by Manning et al. (1995) and Auclair
et al. (2014) might, however, indicate that females raising
litters communally in a natural situation can better care for
the joint litter and defend it against infanticidal conspeciﬁcs.
Nevertheless, when including the initial high costs of infanti-
cide during the formation of a communal nest, as done in our
study, communal nursing no longer improved pup survival
but on the contrary decreased it. Improved reproductive suc-
cess of communally nursing females as observed in a con-
trolled laboratory setting, on the other hand (König 1994a),
emphasizes the importance of observations from free-living
populations. Females in a laboratory setting experience a
rather “simple” and predictable social environment, with only
a few familiar group members and with low female competi-
tion (over food, nesting sites, or social partners). We cannot
exclude that communal nursing at very low densities in the
wild might result in similar patterns. The data presented here
originate from one single population, which limits the overall
conclusions. Under different natural conditions—for exam-
ple, under increased predation risk or with less food and/or
fewer nesting sites—solitary nursing may be more costly,
resulting in beneﬁts of communal nests despite the costs of
infanticide during their formation.
Conditional Reproductive Strategy
Female house mice used two ARTs and switched from one
to the other, indicating that tactics are plastic. One of the
two tactics (communal nursing) resulted in reduced pup
survival and consequently had a negative effect on female
reproductive success. Given that communal nursing re-
duces female reproductive success, we would expect it to
be absent or decreasing in frequency; however, this is
not what we observed. Communal nursing even increased
in our study population, and it has been described to occur
both in the laboratory and in wild populations (Sayler and
Salmon 1971; Manning et al. 1995; König 2006; Weidt et al.
2014). Weidt et al. (2014) further showed that communal
nursing did not necessarily increase with population size
and that females still raised litters solitarily in situations
where they had the opportunity to form communal nests
within their social groups, indicating it is not simply a by-
product of group living. Taken together, these ﬁndings sug-
gest that the reproductive tactic of nursing litters commu-
nally is beneﬁcial in speciﬁc situations.
The occurrence of two ARTs with on average unequal ﬁt-
ness outcomes can best be explained by a condition-dependent
strategy (Taborsky et al. 2008). Condition-dependent ARTs
are often characterized by individuals differing in competi-
tive abilities (Gross 1996) and showing plasticity in choosing
a tactic depending on their condition. Hence, we hypothesize
that females might not always be able to rear their litters sol-
itarily and instead opt for communal nursing, even at the cost
of reduced pup survival. Younger females might not be able to
efﬁciently protect their young against infanticide by nongroup
members, which is rather common in house mice (vom Saal
1984; Manning et al. 1995; Auclair et al. 2014). Alternatively,
younger females might be unable to prevent other females
from joining, therefore being exploited when communally
nursing their litters.
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The alternative for such females would be not to reproduce
at all or to delay reproduction that might be associated with
even higher costs in a species experiencing low life expec-
tancy (Manser et al. 2011). We ﬁnd that age affected a fe-
male’s likelihood to rear a litter communally, indicating
that body condition indeed inﬂuenced the reproductive
tactic of a female. Females increased in body mass when
getting older (see ﬁg. A3), so weight and not age may have
driven the effect. Heavier females are able to produce more
milk (Ferrari et al. 2015) and likely are also better com-
petitors in aggressive encounters. Body mass or body size
were found to inﬂuence condition-dependent ARTs in
various species, both in males (Tomkins and Brown 2004;
Painting and Holwell 2014) and in females (Hill et al. 2015).
Conclusions
Communal nursing has been reported for different rodent
species and has often been associated with reduced repro-
ductive success for the females involved (Gerlach and
Bartmann 2002; Lacey 2004; Hayes et al. 2009). Condition-
dependent ARTs can explain those ﬁndings and have been
suggested to be of importance in African striped mice (Rhab-
domys pumilio; Hill et al. 2015). Analyzing and interpreting
an apparently mutualistically beneﬁcial behavior as com-
munal offspring care under the framework of condition-
dependent ARTs contributes to our understanding of how
it is maintained in a population despite its ﬁtness costs. In
such a scenario, we would not expect selection for one or
the other behavior (strategy); rather, we would expect selec-
tion for the appropriate reaction norm, allowing individuals
to choose the optimal tactic given the circumstances. Fur-
ther research should therefore more strongly focus on deep-
ening our understanding of the evolution of phenotypic
plasticity and its role in cooperation. Including in such anal-
yses female-female competition and female social partner
choice will add to the exciting discussion of how the social
environment modiﬁes individual behavior.
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